1. Introduction {#s0005}
===============

Left ventricular hypertrophy (LVH) is initially a compensatory response to chronic stress by cardiomyocytes, but individuals with LVH are at increased risk for cardiovascular diseases (CVD), even at young ages \[[@bb0010], [@bb0090]\]. LVM, reflecting left ventricular remodeling, is related to body size, sex, and age; as such, LVM index is calculated to minimize these effects and serves as an important marker for myocardial remodeling. LVH, reflected by increased left ventricular mass (LVM) and LVM indexes are influenced by both genetic determinants and environmental factors, including lifestyle \[[@bb0075]\]. In a recent genome wide association study (GWAS), investigators reported that the *cadherin 13* (*CDH13*) locus was associated with LVM in adults \[[@bb0015]\]. This gene has also been shown to be associated with adiponectin levels through its coding for T-cadherin, a receptor for high-molecular-weight species of adiponectin and widely expressed in vascular tissues and myocardium \[[@bb0035], [@bb0040]\]. It is known that adiponectin, a major adipokine, exhibits a board spectrum of biological effects, including anti-diabetic, anti-oxidant, and anti-atherosclerotic actions \[[@bb0020], [@bb0050]\], and low adiponectin levels have been reported to be a risk marker of cardiac remolding \[[@bb0020], [@bb0165], [@bb0180]\]. Studies that have documented the associations between *CDH13* genetic variations and other cardiometabolic profiles affected by adiponectin levels have provided evidence for crosstalk between this locus, T-cadherin and adiponectin in influencing cardiac remolding \[[@bb0025], [@bb0055], [@bb0070], [@bb0170], [@bb0190]\]; however, these metabolic links remain controversial and the underlying mechanisms warrant further studies. In addition to *CDH13*, a number of adiponectin-associated loci, including in/near *ADIPOQ*, *CMIP*, *PEPD*, and *WDR11FGFR* etc. have been identified by GWAS \[[@bb0025], [@bb0035], [@bb0150], [@bb0210]\]. Although epidemiologic studies have reported that *ADIPOQ* variants are associated with metabolic syndrome (MetS), type 2 diabetes (T2D) and cardiovascular diseases (CVD) \[[@bb0045]\], the correlations between above-noted adiponectin-associated loci and cardiac remolding have not yet been fully evaluated.

In addition to genetic factors, sleep duration, a modifiable environmental factor, has been recently shown to be associated with LVM in a multiethnic elderly cohort \[[@bb0195]\]. Our previous findings from the cohort study of the 'Beijing Child and Adolescent Metabolic Syndrome' (BCAMS) have also demonstrated that short sleep duration is associated with increased LVM and LVM index in youth with risk for MetS \[[@bb0060]\], but this association is independent of traditional cardio-metabolic risk factors; although we also found short sleep duration was associated with cardio-metabolic risk factors in younger children at baseline from the same cohort \[[@bb0120]\]. We thus hypothesize that sleep modifications play a role in cardiac remodeling via genetic predisposition to LVH. Moreover, further study of the interactions between sleep and adiponectin-associated loci would improve the understanding of the underlying pathologic mechanisms and lead to prevention strategies to optimize cardiac remodeling.

Therefore, in our current study, we firstly aimed to determine the association of several GWAS--identified adiponectin-associated loci with parameters of cardiac structure as measured by echocardiography, a well-documented and reliable method \[[@bb0060], [@bb0115]\]. Secondly, we examined the interaction between genetic predisposition to cardiac remodeling and habitual sleep duration in this young population with risk for MetS.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

The design of the BCAMS has been described in detail elsewhere \[[@bb0130], [@bb0200]\]. In brief, BCAMS study began in 2004, as a prospective cohort study of identifying cardiovascular risk factors from childhood to adulthood. The baseline population-based survey was conducted in a representative sample (*n* = 19,593, 50% boys) of school children in Beijing aged 6--18 years. In total, approximately 4500 participants were identified as being at a high risk of cardiovascular disease (CVD) due to having one of the following abnormalities: overweight/obesity as defined by body mass index (BMI between 85th percentiles in specific age and sex), high blood pressure (≥ 90th percentiles in specific age and sex), elevated lipids (total cholesterol ≥5.2 mmol/L, triglyceride ≥1.7 mmol/L), and/or fasting blood glucose (≥ 5.6 mmol/L) based on finger capillary blood tests. We conducted follow up studies in 2014. Participants were recruited consecutively through various modalities (phone, text, and/or email) and underwent medical examination at a center in the Beijing Chaoyang Hospital. Signed informed consent was obtained from all participants and/or their parents or guardians. The protocol for the follow-up examination was approved by the Ethics Committee at the Beijing Chaoyang Hospital, and conformed to standards indicated by the Declaration of Helsinki. A total of 559 individuals had complete follow-up data and thus were included into this analysis. The BCAMS study has been registered at [www.clinicaltrials.gov](http://www.clinicaltrials.gov){#ir0005} (NCT03421444).

2.2. Clinical and Biochemical Measurements {#s0020}
------------------------------------------

All participants underwent a physical examination that involved measurements of height, weight, waist circumference (WC) and blood pressure in a sitting position after 15 min of rest. Standing height (to 0.1 cm) and weight (to 0.1 kg) were measured using a wall-mounted stadiometer. WC was measured by plastic tape as midway between the lowest rib and the top of the iliac crest. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured three times during 10 min with a standard sphygmomanometer after 5 min of rest. BMI was calculated as weight divided by height squared. In addition, questionnaires were used to obtain information on lifestyle factors and health history \[[@bb0125]\]. Physical activity was assessed as weekly minutes of moderate-to-vigorous physical activity. Participants were asked to recall all their food intake in the previous week, including whole grains, meat, fruits, vegetables, dairy and snacks, and the average daily total caloric intake was calculated. Health history information included hypertension, diabetes, dyslipidemia, and kidney, heart and thyroid diseases plus medication. Cigarette smoking was defined as current, former, or never.

Blood samples were collected via an antecubital vein after a 10 h fasting. The fasting samples were also aliquoted and frozen for future analysis of adipokines. Blood glucose, low density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL---C), and triglycerides (TG) were measured on an autoanalyzer (Hitachi 7060C automatic biochemistry analysis system). Insulin and adiponectin were measured by monoclonal antibody-based sandwich enzyme-linked immunosorbent assay, which was developed in the Key Laboratory of Endocrinology, Peking Union Medical College Hospital \[[@bb0135], [@bb0140], [@bb0145]\]. The intra-assay coefficient of variation (CVs) for insulin and adiponectin were \< 4.1% and \< 5.4%, respectively. The inter-assay CVs were \< 7.0% and \< 8.5%, respectively. Insulin resistance was assessed by the homeostasis model assessment (HOMA-IR), calculated as fasting insulin (μIU/mL) × fasting blood glucose (mmol/L)/22.5 \[[@bb0160]\]. MetS was determined using the 2009 harmonized definition \[[@bb0005]\].

2.3. Genomic DNA Extraction and Genotyping {#s0025}
------------------------------------------

Genomic DNA was extracted from blood samples collected from each participant using the QIAamp DNA blood midikits (Qiagen). The six most strongly adiponectin-associated SNPs were selected from previously reported GWAS of adiponectin in East Asians \[[@bb0025], [@bb0035], [@bb0150], [@bb0210]\], *ADIPOQ* rs10937273, rs6773957, *CDH13* rs4783244, *WDR11FGF* rs3943077, *CMIP* rs2925979, and *PEPD* rs889140, and were genotype on the Sequenom Mass Array iPLEX genotyping platform in BioMiao Biological Technology Co, Ltd. \[[@bb0065], [@bb0125]\]. Repeated control samples were present in each genotyping plate, with the concordance rate being 100%. All these SNPs had genotyping efficiency \>0.95 and were in Hardy-Weinberg equilibrium with *p* value \>.008 (0.05/6).

2.4. Echocardiography {#s0030}
---------------------

Ultrasound images were acquired by a non-invasive transthoracic echocardiogram using a LOGIQ P5 B-mode ultrasonogram equipped (LOGIQ P5, GE Ultrasound, Korea) with a 2.5--3.5 MHz probe. All images were obtained in the left decubitus position of participants to acquire parasternal long and short axis and apical four chamber views. The following measurements were measured by a sonographer who was blinded to group: interventricular septal diastolic thickness (IVSDT), left ventricular end-diastolic diameter (LVEDD), and left ventricular posterior wall thickness (LVPWT). The following variables were calculated: LVM = 0.8 × {1.04 × \[(LVEDD + LVPWT + IVSDT)^3^− (LVEDD)^3^\]} + 0.6. LVM index (a measure of hypertrophy) was calculated by dividing LVM by height in meters raised to 2.7 (LVM/height^2.7^) to minimize the effects of age, sex \[[@bb0030], [@bb0100]\].

2.5. Sleep Duration {#s0035}
-------------------

Sleep duration was determined for each participant by a self-reported questionnaire (including bed time and wake up time). Sleep duration was asked by time bar reaching half-hourly from 5 to 13 h per day. In the study, sleep time was analyzed for continuous variable or classification variable as following: short sleepers (≤ 7 h/day), normal sleepers (\> 7 to ≤9 h/day), and long sleepers (\> 9 h/day) \[[@bb0060]\]. In addition, in subgroup retrospective analyses, subjects were reclassified into four groups according to the median of sleep durations at baseline and follow-up: 8.5 and 8 h/day, respectively, to define long term status of sleep duration from childhood to adulthood. The information of sleep duration at baseline study was described previously in detail elsewhere \[[@bb0120]\].

2.6. Data Analysis {#s0040}
------------------

Non-normal distribution values such as insulin, adiponectin, and HOMA-IR were natural log-transformed for analysis. Comparison between males and females was achieved using the two-sample *t-*test for continuous variables, while categorical variables were explored using the chi-square test. The adjustment for confounding factors was performed using the analysis of covariance in the general linear model (GLM). The association of individual SNP with echocardiographic parameters was estimated using linear regression model. A score of 0, 1, or 2 was assigned to genotypes of associated SNPs according to the number of adiponectin increasing alleles in additive model. Then, multivariable linear regression models were constructed to test SNP × sleep duration interaction. In these models, the independent variables included sleep duration, SNP, SNP × sleep duration term as well as other major commonly recognized risk factors for LVM index. A *P*-value \<.05 (two sided) was considered to be statistically significant, except for the genetic association, which was significant when *P*-value was less than the Bonferroni-corrected threshold of α  =  0.008 (where 0.008  =  0.05/6). Analyses were performed using the Statistical Package for Social Sciences (SPSS 19.0 for Windows, SPSS Inc., USA) and R version 3.3.3 (<http://cran.r-project.org/>). Linkage disequilibrium (LD) was determined using the 1000G Phase-3 population data in Haploview.

3. Results {#s0045}
==========

[Table 1](#t0005){ref-type="table"} summarized the anthropometry data, biomarker levels and echocardiographic parameters of the study participants stratified by gender. Of the 559 participants, 294 (52.6%) were males. Compared to female, male had higher BMI, WC, SBP, DBP, TG, fasting blood glucose, IVSD, LVESD, LVPWT, LVM and LVM index, lower HDL-C and adiponectin levels (all *p* ≤ .001).Table 1Characteristics of participants.Table 1CharacteristicsTotalMaleFemale*p* value*n*559294265/Age (year)20.2 ± 2.920.0 ± 3.020.4 ± 2.80.11sleep hours (h/day)8.20 ± 1.258.17 ± 1.178.24 ± 1.340.501Smoke (*n* (%))109 (19.5%)75 (25.5%)34 (12.8%)\< 0.001Moderate to high activity (h/week)2.2 ± 1.93.2 ± 3.81.7 ± 2.0\< 0.001Total caloric intake(kcal/day)1548.7 ± 562.51668.1 ± 598.91422.2 ± 491.7\< 0.001BMI (kg/m^2^)25.7 ± 5.727.0 ± 5.824.3 ± 5.3\< 0.001WC (cm)85.2 ± 14.690.5 ± 14.679.3 ± 12.1\< 0.001SBP (mmHg)115 ± 14121 ± 14108 ± 11\< 0.001DBP (mmHg)73 ± 1076 ± 1070 ± 10\< 0.001TG (mmol/L)\*0.91 (0.67--1.31)0.96 (0.68--1.52)0.84 (0.66--1.20)0.001Total cholesterol (mmol/L)4.35 ± 0.924.29 ± 0.864.41 ± 0.990.131LDL-C (mmol/L)2.53 ± 0.792.56 ± 0.722.50 ± 0.860.371HDL-C (mmol/L)1.44 ± 0.321.34 ± 0.281.54 ± 0.34\< 0.001FBG (mmol/L)4.92 ± 0.695.00 ± 0.864.82 ± 0.410.0012 h-glucose (mmol/L)6.06 ± 1.846.17 ± 2.075.95 ± 1.540.179Fasting insulin (mIU/L)\*6.9 (4.1--11.5)7.2 (4.3--12.0)6.5 (3.9--11.2)0.2362 h-insulin (mIU/L)\*37.37 (23.2--59.0)36.9 (20.7--60.7)38.3 (24.2--57.6)0.468HOMA-IR\*1.48 (0.86--2.54)1.58 (0.91--2.70)1.39 (0.80--2.33)0.146Adiponectin (ug/mL)\*7.09 (4.97--10.24)6.47 (4.11--9.18)7.72 (5.84--11.01)\< 0.001IVSDT (cm)0.89 ± 0.120.93 ± 0.120.85 ± 0.10\< 0.001LVEDD (cm)4.42 ± 0.494.65 ± 0.454.17 ± 0.40\< 0.001LVPWT (cm)0.89 ± 0.110.94 ± 0.100.84 ± 0.10\< 0.001LVM (g)133.1 ± 39.1153.4 ± 36.9111.7 ± 28.4\< 0.001LVM index (g/m^2.7^)31.51 ± 8.0033.23 ± 8.3229.71 ± 7.23\< 0.001[^3][^4]

The linear association between echocardiographic parameters and the six SNPs from previously reported adiponectin-associated loci are shown in [Table 2](#t0010){ref-type="table"}. At a Bonferroni-corrected threshold of *p* \< .008, there was a significant association in *CDH13* rs4783244 with LVM (β = −6.774 g per additional G allele, *p* = .004) and LVM index (β = −1.781 g/m^2.7^ per G allele, *p* = .001) after adjustment for age, sex and BMI. In addition, we also replicated a strong relationship between *CDH13* rs4783244 and ln-adiponectin levels (β = 0.238 μg/ml per additional G allele, *p* = 8.07× 10^−7^, [Table 2](#t0010){ref-type="table"}, [Fig. 1](#f0005){ref-type="fig"}A), while no significant association between other SNPs and adiponectin levels (all *P* \> .05). Since LVM index is an important marker for LV hypertrophy, therefore, for subsequent analyses, we focused on the top hit *CDH13* rs4783244 and LVM index.Fig. 1Comparisons of ln-adiponectin levels (A) and LVM index (B) among different genotypes in *CDH13* rs4783244. LVM index means left ventricular mass index. Data are shown as means ± SE.*P* value was adjusted for age, sex, SBP, TG, HDL-C, FBG, HOMA-IR, BMI, smoking, total caloric intake and physical activity in A.*P* value was adjusted for the aforementioned covariates and ln-adiponectin levels in B.Fig. 1Table 2Associations of the six SNPs with the cardiac-traits and adiponectin levels.Table 2GeneSNPPositionAlleleMAFIVSDT (cm)LVEDD (cm)LVPWT\
(cm)LVM\
(g)LVM index (g/m^2.7^)Adiponectin (ug/ml)\#*CDH13*rs4783244intronT/G\*0.325β−0.020−0.076−0.008−6.774−1.7810.238*p*0.0280.0230.3140.0040.0018.07× 10^−7^*ADIPOQ*rs109372735′ near geneA\*/G0.388β−0.010−0.052−0.006−3.761−0.8890.031*p*0.2870.1110.4420.1070.1030.515*ADIPOQ*rs67739573' UTRG/A\*0.426β−0.0140.008−0.018−1.840−0.5770.012*p*0.0980.8050.0180.4160.2750.800*WDR11FGF*rs3943077Between the 2 genesG/A\*0.370β0.0110.008−0.0041.156−0.2860.066*p*0.2150.8140.6160.6160.5950.163*CMIP*rs2925979intronT/C\*0.406β−0.010−0.0080.006−0.719−0.0290.040*p*0.2570.8020.4660.7580.9580.410*PEPD*rs889140intronA\*/G0.491β0.0080.0220.0042.0450.7690.027*p*0.3640.4950.5620.3710.1500.576[^5][^6][^7][^8][^9]

To further assess whether the effect of *CDH13* on LVM index is dependent on adiponectin levels, we carried out multivariable liner regression analyses with adjustment for ln-adiponectin plus other major confounding factors. As shown in [Table 3](#t0015){ref-type="table"}, *CDH13* rs4783244 was associated with LVM index after adjusting for age, sex, SBP, TG, HDL---C, fasting blood glucose, HOMA-IR and BMI (Model 1), and even further adjusted for smoking, total caloric intake and physical activity (Model 2) (all *p* \< .001). Notably, in Model 3 when ln-adiponectin levels was entered as cofounding, the association of rs4783244 with LVM index was still unaltered (β = −2.119 g/m^2.7^ per additional G allele, *p* = 2.94 × 10^−4^, [Table 3](#t0015){ref-type="table"}, [Fig. 1](#f0005){ref-type="fig"}B**)**. Meanwhile, similar trends were evident between this variant with LVM, albeit slightly weaker than the association with LVM index.Table 3Effects of *CDH13* rs4783244 on LVM and LVM index.Table 3ModelFactors adjusted forLVM (g)*p*LVM index (g/m^2.7^)β (SE)β (SE)*p*1age, sex, SBP, TG, HDL---C, FBG, HOMA-IR and BMI−7.445 (2.366)**0.002**−2.001 (0.551)**3.32 × 10**^**−4**^2Model 1 additionally adjusted for smoking, total caloric intake and physical activity−7.137 (2.344)**0.003**−1.916 (0.551)**5.85× 10**^**−4**^3Model 2 additionally adjusted for ln-adiponectin.−7.324 (2.463)**0.003**−2.119 (0.578)**2.94× 10**^**−4**^4Model 3 additionally adjusted for sleep duration−6.601 (2.449)**0.007**−1.978 (0.577)**6.99× 10**^**−4**^[^10][^11]

Next, as we found that short sleep duration had a possible direct effect on cardiac remodeling in our previous study \[[@bb0060]\], we investigated whether sleep duration has the effect via modifying the association of *CDH13* with these traits. In the multivariable liner regression analyses for LVM index, where the SNP in *CDH13* and continuous sleep duration were independent variables, these two factors were significantly associated with LVM index when controlling for other potential confounders ([Table 3](#t0015){ref-type="table"} Model 4). Moreover, when we tested for interaction between sleep duration and *CDH13* in influencing LVM index, a significant interaction was evident between *CDH13* rs4783244 and sleep duration after adjusting for the aforementioned covariates (*p* = .005, [Fig. 2](#f0010){ref-type="fig"}B). It was obvious that the variation of LVM index in subjects with GG genotype was sensitive to the protection of long sleep duration, while individuals with the T allele showed no significant response to sleep duration. Further, in the stratification of categorical sleep duration ([Table 4](#t0020){ref-type="table"}), the adiponectin--raising allele G at the rs4783244 variant was significantly associated with reduced LVM index in longer sleep duration groups after adjusted for age, sex, SBP, TG, HDL---C, fasting blood glucose, HOMA-IR, BMI, smoking, total caloric intake and physical activity (β = −1.528 g/m^2.7^ per additional G allele, *p* = .042 for 7--9 h/day group; β = −4.209 g/m^2.7^, *p* = 6.58 × 10^−4^ for \>9 h/day group), compared to a non-significant associations (*p* \> .05) in participants with sleep duration ≤7 h/day. Moreover, these associations of *CDH13* and LVM index remained significant after further adjusted for adiponectin levels. In contrast, neither significant associations between sleep duration and adiponectin levels nor obvious interaction between sleep duration and *CDH13* genotype on adiponectin levels were observed after adjusting for the aforementioned covariates ([Fig. 2](#f0010){ref-type="fig"}A**,** all *P* \> .6).Fig. 2Results of *CDH13* × sleep duration interaction on ln-adiponectin and LVM index. LVM index means left ventricular mass index. X-axis represents the average sleep duration (h/day) and Y- axis represents LVM index (g/m^2.7^) or ln-adiponectin levels (ug/ml). Three groups of genotypes for rs4783244 are represented. Red dotted line represents the 95% confidence intervals and black line represents the regression line. The interaction *p* value is listed for ln-adiponectin and LVM index. *P* value for interaction in the liner regression model was adjusted for age, sex, *CDH13* genotype, sleep duration, SBP, TG, HDL---C, FBG, HOMA-IR, BMI, smoking, total caloric intake and physical activity in A. *P* value was adjusted for the aforementioned covariates and ln-adiponectin levels in B.Fig. 2Table 4Linear regression analysis of *CDH13* rs4783244 genotypes on LVM index stratified by sleep duration.Table 4Sleep duration (h/day)≤ 7 h/day7--9 h/day\> 9 h/day*p*β (SE)*p*β (SE)*p*β (SE)Model 11.037 (1.357)0.448−1.561 (0.730)0.034−4.056 (1.029)2.47 × 10^−4^Model 20.856 (1.433)0.553- 1.528 (0.746)0.042−4.209 (1.144)6.58 × 10^−4^Model 31.065 (1.547)0.495−1.667 (0.728)0.023−5.766 (1.006)6.00 × 10^−7^[^12][^13][^14][^15][^16]

Lastly, to provide longitudinal evidence, we further examined whether long-term sleep status would modify the association of *CDH13* locus with LVM index in BCAMS cohort, based on the information of habitual sleep duration collected both at baseline and 10-year follow-up. As listed in [Table 5](#t0025){ref-type="table"} and [Fig. 3](#f0015){ref-type="fig"}, subjects were reclassified into four groups according to the median of sleep durations at baseline and follow-up, i.e. 8.5 h/day and 8 h/day, respectively; we found that the strongest associations between *CDH13* locus LVM index exhibited in the long-term status of long sleep group (β = −5.01 g/m^2.7^ per additional G allele, *p* = .007), while in the long-term short sleep group, the protection effect at this locus became obviously nonsignificant (β = 0.193 g/m^2.7^ per additional G allele, *p* = .895).Fig. 3Results of *CDH13* rs4783244 × long-term sleep status interaction on LVM index at 10-year follow-up. LVM index means left ventricular mass index. X-axis represents the copies of the G allele in *CDH13* rs4783244 and Y- axis represents LVM index (g/m^2.7^). The median of sleep durations at baseline and follow-up were 8.5 and 8 h, respectively. Subjects were classified into four groups according to the median of sleep durations at baseline and follow-up, respectively. **A**, sleep duration \>8.5 h/day at baseline **(long)** and \> 8.0 h/day at follow-up **(long)**; **B**, \> 8.5 h/day at baseline **(long)** and ≤ 8.0 h/day at follow-up **(short)**, **C**, ≤ 8.5 h/day at baseline **(short**) and \> 8.0 h/day at follow-up **(long)**, and **D**, sleep duration ≤8.5 h/day at baseline **(short)** and ≤ 8.0 h/day at follow-up **(short)**. Red dotted line represents the 95% confidence intervals and black line represents the regression line. The interaction *p* value is listed for LVM index. P value for interaction in the liner regression model was adjusted for baseline age, follow-up time, sex, CDH13 genotype, SBP, TG, HDL-C, FBG, HOMA-IR, BMI, smoking, total energy intake and physical activity at follow-up.Fig. 3Table 5Associations between *CDH13* rs4783244 and LVM index (g/m^2.7^) in different sleep status from baseline to 10-year follow-up.Table 5Sleep duration\
at baseline\
(mean age 12 ys)Sleep duration\
at follow-up\
(mean age 21 ys)*n*β (SE)*p*Long (\> 8.5 h/d)Long (\> 8.0 h/d)67−5.01 (2.80)**0.007**Long (\> 8.5 h/d)Short (≤ 8.0 h/d)104−2.62 (1.33)0.051Short (≤ 8.5 h/d)Long (\> 8.0 h/d)77−1.73 (1.36)0.210Short (≤ 8.5 h/d)Short (≤ 8.0 h/d)890.193 (1.45)0.895[^17][^18][^19]

4. Discussion {#s0050}
=============

Left ventricular remodeling, as reflected by increased LVM index, contributes to heart failure and cardiovascular death, while adiponectin has displayed a broad spectrum of cardiometabolic effects. To our knowledge, this is the first study to explore the association of common genetic variants resulting from GWAS of adiponectin levels (*CDH13* rs4783244, *ADIPOQ* rs10937273 and rs6773957, *WDR11FGF* rs3943077, *CMIP* rs889140, and *PEPD* rs889140) with cardiac structure. In addition to replication of the established relationship between *CDH13* rs4783244 and adiponectin levels, we found this locus is independently associated with LVM index in youths at risk of developing MetS, suggesting that it might be a key susceptibility locus contributing to cardiac remodeling at young ages. Moreover, we found that this genetic association is significantly modified by habitual sleep duration in the cross-sectional and longitudinal analysis, suggesting a modifiable behavior i.e. longer sleep duration may strengthen cardiac protection conferred by the *CDH13* locus, while short sleep duration may contribute to loss of cardio-protective effects at this locus.

Adiponectin-associated genes have recently received increasing attention for the vital cardiometabolic effects of adiponectin \[[@bb0180]\]. Various GWAS studies conducting meta-analysis have reported numerous candidate genetic loci for adiponectin levels \[[@bb0025], [@bb0035], [@bb0150], [@bb0210]\], including *ADIPOQ, CDH13, WDR11FGF, CMIP* and *PEPD* genes. In addition, the *CDH13* rs4783244 was found to be the strongest associated variant with adiponectin in East Asian populations \[[@bb0025], [@bb0070]\]. In this study, we replicated the association between *CDH13* rs4783244 and adiponectin levels; consistent with previous studies \[[@bb0025], [@bb0070]\], we found that circulating adiponectin levels increase across the genotypes of rs4783244 from minor TT to major GG genotypes. We did not replicate the relationship between the selected SNP in /near *ADIPOQ, WDR11FGF, CMIP* and *PEPD* with adiponectin levels but the direction of effect for adiponectin was consistent with previous studies \[[@bb0025], [@bb0035], [@bb0150], [@bb0210]\]. This is likely due to differences in samples or insufficient statistical power of the current study, however, we did replicate the associations of all the above-mentioned loci, except for *CMIP,* with adiponectin levels by achieving study-wide significance in our large cohort at baseline (*n* = 3514, age 6--18 years, data not shown).

In addition to the association with adiponectin, it is worthy to note that *CDH13* rs4783244 was associated with cardiac structure in our study. LVH is an independent risk factor for cardiovascular events such as heart failure and cardiovascular mortality. Given that adiponectin may also have cardio-protective effects by reducing fibrosis and apoptosis, and preventing myocyte hypertrophy, and has been reported to be associated with LVM and LVM index in addition to cardiometabolic diseases \[[@bb0020], [@bb0165]\], it is likely that adiponectin-related genes are genetic candidates for cardiac remolding phenotypes. Yet the data are still sparse. A previous study of 62 adults with uncomplicated obesity reported that subjects with the GG genotype of the SNP in the adiponectin gene (+276 G \> T) showed significant higher LVM/body surface area and LVM index than those carrying T alleles \[[@bb0085]\]. Most recently, a GWAS of LVM index firstly revealed that one SNP rs9646331 in *CDH13* showed suggestive association with four measured LVM traits \[[@bb0015]\], but this study did not analyze the adiponectin levels, and thus do not know whether these associations were mediated by adiponectin levels. In our study, we first found *CDH13* rs4783244, although not in LD with rs9646331 (r^2^~CBH\ and\ JPT~ = 0.014 with rs9646331), is also associated with increased LVM index after adjusting for other major potential confounders, suggesting that *CDH13* rs4783244 is a key susceptibility locus for LVM index.

The mechanisms that underlie the association between *CDH13* rs4783422 and cardiac remodeling remain unclear. The *CDH13* gene encodes T-cadherin, a novel receptor for hexameric high-molecular-weight (HMW) adiponectin and is widely expressed in cardiovascular tissues \[[@bb0080], [@bb0185]\]. The binding of adiponectin to T-cadherin displays important functions in metabolism homeostasis \[[@bb0080]\]. In addition, associations between *CDH13* polymorphisms and cardiometabolic profiles were reported in epidemiological studies although they remain controversial. For instance, *CDH13* rs3865188 (LD with rs4783244, r^2^ ~CEU~ \> 0.8) is associated with lower adiponectin levels and increased metabolic risks in a French population study \[[@bb0170]\], while some previous studies reported an association of T allele in *CDH13* rs4783244 with lower adiponectin levels but with better metabolic profiles \[[@bb0025], [@bb0070]\]. Nonetheless, those findings lead to the speculation that the association of *CDH13* variant with cardiac structure is mediated by its influence on either adiponectin level or metabolic profile. However, in our study, the association of CDH13 rs4783244 with LVM index was unexpectedly independent of both adiponectin levels and other conventional cardiovascular risk factors, suggesting that these associations are not merely mediated by adiponectin levels and conventional cardiometabolic risk factors.

How might this variation in the *CDH13* gene directly influence cardiac structure? Clearly, this study does not allow us to address this directly, but it is interesting to note that a recent study from Korean population showed that a *CDH13* promoter SNP rs12444338, which is in strong LD with rs4783244 (r^2^ ~CHB\ and\ JPT~ \> 0.9), has a strong effect on gene expression in vitro \[[@bb0095]\]. Moreover, some other studies found that the expression of T-cadherin was abundant in the myocardium where it provided protection from pathological cardiac remodeling induced by stress \[[@bb0040]\], and decreased T-cadherin level was in association with the severities of CVD \[[@bb0110]\]. Given the close linkage to nearby functional variation, we speculated that this intron variant rs4783244 at *CDH13* may also influence T-cadherin expressions, thereby playing a potential protective role against cardiac remodeling. Thus, further studies are needed to explore whether this variation in cardiac tissue affects *CDH13* expressions, local adiponectin sensitivity, cardiac structure, and ultimately CVD risk \[[@bb0190]\].

Another intriguing finding in our study was the interaction effect between *CDH13* and sleep duration for LVM index. Sleep duration is known to be associated with T2D, MetS and hypertension, which are risk factors of cardiac remodeling \[[@bb0105], [@bb0155], [@bb0205]\]. Our previous findings suggested that short sleep duration was directly associated with increased LVM and LVM index independent of adiponectin level and other cardiometabolic risk factor, though the mechanisms were unclear \[[@bb0060]\]. Therefore, we explore the mechanism implication whether *CDH13* was the link between sleep duration and LVH. To our knowledge, no study has assessed these associations before. Interestingly, a strong significant interaction effect between the *CDH13* polymorphisms and sleep duration on LVM index was observed, that is, carrying an additional adiponectin-raising G allele can decrease LVM index by up to 5.8 g/m^2.7^ in subjects with sleep duration \>9 h/day compared with 1.1 g/m^2.7^ increase in subjects with sleep duration ≤7 h/day ([Table 3](#t0015){ref-type="table"}), which suggests that the cardio-protective effects at the *CDH13* locus is most evident in subjects with long sleep duration, but these effects were lost in the status of short sleep duration. In addition, the protective associations of longer sleep duration with LVM index were obvious in individuals with GG genotype but not in carriers of T alleles.

Notably, given this important finding in a cross-sectional setting, to provide longitudinal evidence, we further retrospectively analyzed the information of habitual sleep duration collected both at baseline and 10-year follow-up in this cohort, and examined the modification of long-term sleep status on the effect of *CDH13* locus with LVM index. As expected, we found that the long-term status of longer sleep duration from childhood to adulthood can strengthen the cardiac protection conferred by this locus, while the long-term status of short sleep duration has the converse effect.

Additionally, neither significant associations between sleep duration and adiponectin levels nor obvious interaction between sleep duration and *CDH13* genotype on adiponectin levels were found, further supporting the notion that the effects of *CDH13* and sleep duration on LVM index are not mediated by adiponectin levels. Given that sleep deprivation has been reported to alter epigenetic processes \[[@bb0175]\], further work with the epigenetic modification of sleep on the expressions of *CDH13* \[[@bb0190]\], are likely to provide the fruitful approach to understanding the mechanism and pathways whereby this variant influences the risk of LVH. However, our study gives a new sight to delineate specific thresholds of sleep duration for preventing CVD risks at young age with risk of MetS, especially in those with sensitive genetic backgrounds.

Strengths of this study are that we studied six very relevant GWAS implicated adiponectin-related loci, and the novel finding that *CDH13* rs4783244 was associated with LVM index and modified by long-term sleep duration. Despite the strengths, there are also some key limitations to our study. First, the sample in the present study was drawn from youths at risk of cardiovascular diseases; future replication study is needed to evaluate the generalizability of our findings to older adults and other ethnical populations. Secondly, given that rs4783244 at the *CDH13* locus, which encodes a receptor for HMW adiponectin, was reported to be more strongly associated with HMW adiponectin than total adiponectin \[[@bb0070]\], we measured total adiponectin level but not HMW adiponectin. However, HMW adiponectin constitutes the most abundant isoform of total adiponectin \[[@bb0020]\]. Thirdly, we collected the sleep duration by questionnaire, and were unable to validate self-reporting by actigraphy or other physiological monitoring. Fourthly, we did not collect sleep duration on weekdays and weekends, or total sleep and night sleep duration, separately, so could lead to a degree of bias for the evaluation of sleep time. Lastly, we found a relationship between *CDH13* rs4783244 and LVM index, and the modification of long-term sleep duration even verified by a retrospective longitudinal analysis, but causality is difficult to infer. Our ongoing follow-up observation and/or experimental studies are required to establish these mechanistic links and promote understanding of the physiologic significance of these observations.

In conclusion, our study shows that individuals with at least one protective G allele of *CDH13* rs4783244 had decreased LVM index when compared to carriers of T alleles. Specifically, we observed highly significant attenuation of the cardio-protective effects associated with G allele in rs4783244 in youths who had short sleep duration. We also found that this allele was strongly correlated with adiponectin levels, while this effect of *CDH13* on adiponectin levels did not appear to translate into effects on LVM index. Although our observation will require further replication, it provides important insights into the potential mechanisms and the prevention strategies of cardiac remodeling. Future work is warranted to focus on experimental designs to determine mechanistic pathway.
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[^11]: β represents changes in outcomes for the increasing number of G allele of the SNP rs4783244. Boldfacetype indicates nominally significant values (*P* \< 0.008).
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